RNA interference and related RNA silencing phenomena use short antisense guide RNA molecules to repress the expression of target genes 1,2 . Argonaute proteins 3 , containing amino-terminal PAZ (for PIWI/Argonaute/Zwille) domains and carboxy-terminal PIWI domains, are core components of these mechanisms. Here we show the crystal structure of a Piwi protein from Archaeoglobus fulgidus (AfPiwi) in complex with a small interfering RNA (siRNA)-like duplex, which mimics the 5 0 end of a guide RNA strand bound to an overhanging target messenger RNA. The structure contains a highly conserved metal-binding site that anchors the 5 0 nucleotide of the guide RNA. The first base pair of the duplex is unwound, separating the 5 0 nucleotide of the guide from the complementary nucleotide on the target strand, which exits with the 3 0 overhang through a short channel. The remaining base-paired nucleotides assume an A-form helix, accommodated within a channel in the PIWI domain, which can be extended to place the scissile phosphate of the target strand adjacent to the putative slicer catalytic site. This study provides insights into mechanisms of target mRNA recognition and cleavage by an Argonaute-siRNA guide complex.
RNA interference and related RNA silencing phenomena use short antisense guide RNA molecules to repress the expression of target genes 1, 2 . Argonaute proteins 3 , containing amino-terminal PAZ (for PIWI/Argonaute/Zwille) domains and carboxy-terminal PIWI domains, are core components of these mechanisms. Here we show the crystal structure of a Piwi protein from Archaeoglobus fulgidus (AfPiwi) in complex with a small interfering RNA (siRNA)-like duplex, which mimics the 5 0 end of a guide RNA strand bound to an overhanging target messenger RNA. The structure contains a highly conserved metal-binding site that anchors the 5 0 nucleotide of the guide RNA. The first base pair of the duplex is unwound, separating the 5 0 nucleotide of the guide from the complementary nucleotide on the target strand, which exits with the 3 0 overhang through a short channel. The remaining base-paired nucleotides assume an A-form helix, accommodated within a channel in the PIWI domain, which can be extended to place the scissile phosphate of the target strand adjacent to the putative slicer catalytic site. This study provides insights into mechanisms of target mRNA recognition and cleavage by an Argonaute-siRNA guide complex.
RNA silencing is mediated by the effector complexes RISC (for RNA-induced silencing complex) and RITS (for RNA-induced initiation of transcriptional gene silencing), functioning in posttranscriptional and transcriptional silencing, respectively [4] [5] [6] . Argonautes, comprising the Ago and Piwi subfamilies 3 , are the only proteins common to these complexes. Recent structural and biochemical studies implicate the PAZ domain in the recognition of an RNA 3 0 overhang [7] [8] [9] [10] . The PIWI domain is believed to incorporate the slicer catalytic site, which is responsible for the cleavage of target mRNA during RNA interference [11] [12] [13] . However, these results are insufficient to explain the requirement for a 5 0 phosphate group on the first nucleotide of the guide strand [13] [14] [15] [16] , and the observation that the identity of the scissile phosphate in the target mRNA is measured relative to the 5 0 end of the guide strand, irrespective of modification or the length (within limits) of the 3 0 end [15] [16] [17] [18] . AfPiwi, an isolated archaeal PIWI domain-containing protein, which serves as a model for understanding eukaryotic Argonaute PIWI domains, forms a single discrete complex with a 16-nucleotide siRNA-like duplex 12 . With the aim of providing a molecular picture of PIWI domain-RNA interactions, we have crystallized and determined the structure of this complex at 2.2 Å resolution. We assign the two RNA strands as guide and target, denoting the guide nucleotides G1 to G16 (5 0 ! 3 0 ) and complementary nucleotides T1 to T14 (Fig. 1a) . The 5 0 end of the duplex refers to the 5 0 end of the guide.
AfPiwi binds to the 5 0 end of the siRNA-like duplex, engaging the RNA in an L-shaped channel (Fig. 1b) . The RNA electron density is strongest at this end, allowing us to model nucleotides G1-G9 of the guide strand and T(22)-T9 of the target (Fig. 1c) . Nucleotides 2-9 on each strand base pair, adopting an A-form helix that extends along the channel ( Fig. 1b and Supplementary Fig. 1 ). Strikingly, the 5 0 end of the RNA duplex is significantly distorted, resulting in the unwinding of G1 (uridine) and T1 (adenosine). G1, which carries the obligatory 5 0 phosphate of the guide, is displaced into a pocket surrounding the C terminus of the PIWI domain (G1-binding pocket). T1 passes through the short 'exit' portion of the channel, allowing the two 3 0 overhanging nucleotides, T(21) and T (22) , to fold back along the protein surface. G1 and T1 are divided by the aD helix, which contributes two aromatic residues (Phe 151 and Tyr 152) capping the first 5 0 base pair of the RNA helix (Fig. 1b) . The G1-binding pocket is part of a highly conserved region in the PIWI domain, designated CRI (conserved region I) 12 . A prominent structural feature is a divalent metal ion coordinated to the carboxylate group of the C-terminal residue, Leu 427 (Fig. 2a) . This metal ion is crucial in the distortion and anchoring of the guide RNA, contacting the phosphates of G1 and G3. Without exception, all Argonaute sequences share three conserved hydrophobic residues at their extreme C terminus ( Supplementary Fig. 2 ), indicating that an exposed carboxylate is an invariant structural feature.
Within the G1-binding pocket, the side chains of four invariant residues in Argonaute proteins (Tyr 123, Lys 127, Gln 137 and Lys 163; Supplementary Fig. 2 ) contact the 5 0 phosphate group of G1 (Fig. 2a) . Tyr 123 further stabilizes the flipped conformation of G1 by stacking with the unpaired uracil base. In addition to interactions with these invariant side chains and the metal ion, the 5 0 phosphate contacts the backbone amide of Phe 138, fixed in position by the adjacent Gln 137. No other amino acids contact G1. Only five other residues are invariant in the PIWI domains of Argonaute proteins (Supplementary Fig. 2 ). Four of these seem to maintain the PIWI fold, and the fifth is a putative slicer catalytic site residue 11, 12 . The G1-binding pocket is therefore the most conserved structural feature of the PIWI domain. Consistent with our structural data is the observation that mutation of this pocket significantly decreased the affinity of AfPiwi for the siRNA-like duplex 12 . Interactions between AfPiwi and the guide are also mediated by the phosphate groups of G2-G5 (Fig. 2) . A second key anchor site is the phosphate group of G3. In addition to its coordination by the metal, the phosphate interacts with Gln 159 and Arg 380, residues conserved in the Piwi and Ago subfamilies, respectively (Supplementary Fig. 2 ). The phosphate of G2 contacts Tyr 152, conserved as Tyr or Thr in the Ago subfamily, and the main chain amide of Arg 140. The phosphate of G4 also contacts Arg 380, and the phosphate of G5 interacts with Arg 385, through a water molecule. The only protein-base contact occurs between Asn 155, conserved in the Ago subfamily, and the 2 0 oxygen of the G2 uracil. Hydrogen bond acceptors occupy equivalent positions in cytosine and purines. Therefore, as expected, none of the interactions provide RNA sequence specificity. Interactions with G1-G5 account for all conserved residues of CRI (Fig. 3b) , strongly indicating a conserved mode of RNA 5 0 -end binding within the Argonaute family. In contrast to the extensive interactions between the PIWI domain and the guide, few contacts are formed to the target strand, which is consistent with its requirement to dissociate after mRNA cleavage 19, 20 . With G1 distorted into the conserved binding pocket, the corresponding base pair (G1-T1) is unwound (Fig. 1b) . The finding that a single guide-target mismatch at this position can enhance slicer activity 19 demonstrates that the AfPiwi-RNA complex corresponds to a cleavage-competent conformation. It also suggests an equilibrium between the preferred 'active' RNA duplex conformation that we observe and an 'inhibitory' conformation in which G1 pairs with T1. The mode of guide RNA binding to the PIWI domain-a highly ordered anchored 5 0 region, with bases exposed apart from G1-is consistent with the observation that for animal microRNAs, only nucleotides 2-8 of the microRNA guide (the 'seed') are critical for target recognition and pairing [21] [22] [23] [24] . Similarly, in RISC-mediated mRNA cleavage, bases at the 5 0 end of the siRNA guide dominate its affinity for target RNA 19 . The G1-binding pocket and the putative slicer catalytic region 11, 12 lie at either end of the PIWI domain channel. Nucleotides G10-G16 of the guide and T10-T14 of the target are less clearly defined in our electron density maps. To visualize the trajectory of a full-length (19-nucleotide) siRNA guide bound to a mRNA target, we modelled the remaining nucleotides, assuming an A-form helix contiguous with the visible duplex ( Fig. 3 and Supplementary Fig. 1 ). The weaker electron density for nucleotides G10 and G11 is compatible with this conformation (Fig. 1c) . This model places the scissile phosphate of the target strand (linking T10 and T11) 17, 18 adjacent to the putative slicer catalytic region 11, 12 ( Fig. 3 and Supplementary  Fig. 3 ). The PIWI-RNA binding conformation is therefore consistent with our functional interpretation of the complex, being representative of a guide-target interaction, and provides insight into how the site-specificity of mRNA cleavage is determined with reference to the 5 0 end of the guide 17, 18 . Our structure might also reflect the initial phase of RISC association with a siRNA duplex; here the target strand would represent the passenger strand. The relative stabilities of the ends of an siRNA duplex determine the fate of the strands: the strand whose 5 0 end is located at the less stable end becomes the guide; the other (passenger) strand is discarded 25, 26 . Specific recognition of the siRNA-like 5 0 end, and partial unwinding of the duplex revealed from the AfPiwi-RNA complex, indicates that binding to the PIWI domain might be the first step in siRNA duplex unwinding in RISC; PIWI could therefore participate in strand selection. Consistent with this notion is evidence supporting a role for Argonaute 2 in siRNA unwinding in Drosophila 27 . R2D2 has also been implicated in guide strand selection, binding with a preference to the more stable end of an siRNA duplex 28 . Figure 3 Proposed model for a 19-nucleotide guide-target duplex bound to AfPiwi. a, View showing the positioning of the scissile phosphate of the target strand (between T10 and T11, coloured red) with respect to the location of the putative slicer catalytic site. The modelled RNA region is coloured darker for both strands (G10 to G19 and T10 to T19). PIWI sub-domains are shown 12 . Catalytic Asp residues of the DDE motif 11, 12 are absent in AfPiwi. b, Stereo view with the molecular surface of AfPiwi colour-coded according to structural conservation (Supplementary Fig. 2 ). Conserved regions CRI, CRII and CRIII are indicated 12 .
A role for the PIWI domain in mediating interactions with the 5 0 end of the guide RNA complements the function of the PAZ domain in recognizing RNA 3 0 overhangs [7] [8] [9] [10] . In Pyrococcus furiosus Argonaute, the PAZ domain is positioned over the channel linking the G1-binding pocket and the putative slicer site 11 . The PAZ domain may function as a mobile unit that locks down over the guide-target duplex, providing additional constraints for slicing 11 . However, when bound to a target mRNA, it is unlikely that the recessed guide 3 0 end would interact with the PAZ domain 10 ; instead, we envisage the duplex emerging into solvent or the immediate environment of RISC.
Our structure rationalizes many molecular and biochemical data for mechanisms of RNA silencing, which, together with the universal conservation of the G1-binding pocket, indicate that the AfPiwi-RNA complex provides a representative picture of PIWI domain-RNA interactions. The view now emerges that Argonaute functions as a dynamic molecule mediating interactions with both the 5 0 and 3 0 ends of short guide RNA molecules, presenting them for recognition by cognate mRNA. Note added in proof: In an accompanying paper 31 , Ma et al. use a different siRNA oligonucleotide to define the structure of an AfPiwi-RNA complex. Their structure is similar to ours, although less of the RNA molecule is defined. Consistent with our model for 5 0 -end guide recognition in eukaryotic Argonaute proteins, mutation of the G1-binding pocket in hAgo2 ablates slicer activity.
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Complex formation and crystallization
AfPiwi was purified as described 12 , except that the protein was eluted at the final step in 5 mM HEPES pH 7.5, 800 mM NaCl, 2 mM MgCl 2 , 1 mM MnCl 2 , 8 mM dithiothreitol (DTT). The RNA oligonucleotide was purchased purified, deprotected and desalted from Dharmacon, and was resolubilized in 10 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl 2 . Annealing was performed by incubation at 90 8C for 1 min followed by gradual cooling (1 8C per 5 min) from 65 8C to 4 8C. To form the complex, equal volumes of AfPiwi (260 mM) and annealed RNA (310 mM) were mixed and incubated at 22 8C for 30 min. Crystallization was performed with the hanging drop method at 14 8C. Crystal clusters were obtained overnight by mixing 1 ml of complex with 1 ml of 200 mM KCl, 10 mM CaCl 2 , 50 mM sodium cacodylate pH 5.5, 15% PEG 4000, 5 mM DTT. Single crystals were obtained by streak-seeding into a similar drop containing 12% PEG 4000 after incubation overnight. For cryoprotection, crystals were passed through stabilization solutions containing increasing amounts of 2-methyl-2,4-pentane diol (to 17%) and then flashfrozen at 100 K. Data were collected at ID14.EH1, ESRF.
Structure determination
The structure (with two AfPiwi-RNA complexes per P1 unit cell) was solved by molecular replacement with PHASER 29 by using the native protein (PDB code 1W9H) as the search model 12 . Some loops and all the RNA were rebuilt manually in COOT 30 and the complex was refined with REFMAC 29 . A total of 508 water molecules were added in the final stages of refinement. The final R and R free were 0.18 and 0.21, respectively (Supplementary Table 1 ). Terminal nucleotides of the target strands in the two RNA duplexes per unit cell adopt slightly different conformations (Supplementary Fig. 1 ). On the basis of crystallization conditions and refinement, we have assigned the metal ion within the G1-binding pocket as manganese.
